Antibiotics and extracellular proteases have, for many years, been regarded as stationaryphase products of Bacillus species which are associated with sporulation (2, 28) . This association is based, in part, on the frequently reported temporal relationships between antibiotic production, protease production, and sporulation (2, 3, (21) (22) (23) 26) , on the observation that inhibitors of spore formation usually inhibit antibiotic and protease production also (2, 4, 14, 22) , and on work with mutant strains which has often shown the three characteristics to be related (13, 27, 28) .
In the last decade, however, contrary evidence has arisen showing that cells may sporulate without producing a metal protease (12, 20) or an antibiotic (11, 15, 25) . In addition, it has been shown that both of these products may be synthesized throughout the period of active growth of the culture and are not restricted to late logarithmic and stationary phases (8, 10). It has been suggested that antibiotic production during growth may be achieved by preventing the pH drop normally observed after the metabolism of glucose (1, 10 (29) and chemostat cultures (5) .
The purposes of this present work, therefore, were twofold: first, to examine the cultural conditions which permit antibiotic and protease production during strict exponential growth and, second, to investigate the synthesis of these materials in relation to the incidence of spore formation. Bacitracin assay. Samples were removed from exponentially growing cultures, immediately chilled, and centrifuged at 4°C for 15 min at 10,000 x g. The supernatant liquids were subjected to a cup-plate agardiffusion assay, using Micrococcus luteus as the test organism growing in Diagnostic Sensitivity Test agar (Oxoid). Concentrations were expressed in international units per milliliter.
MATERIALS AND METHODS

Organism
Protease assay. One milliliter of culture supernatant was placed in a tube together with 3.0 ml of phosphate buffer (pH 7.0) and equilibrated to 37°C. Two milliliters of prewarmed azoalbumin solution (12.5 mg/ml) was added, followed by 4.0 ml of 10% (wt/vol) trichloroacetic acid after a 30-min incubation. The precipitate was filtered through a Whatman no. 1 paper, and 5 ml of 0.5 N NaOH was added to 5 ml of filtrate before absorbance was read at 440 nm. Samples were then assayed in the presence of phenylmethylsulfonyl fluoride (1 x 10-3 M) which abolished approximately 98% of the total activity. The activity in the supernatant, therefore, was considered to be due to alkaline serine protease rather than neutral metalloprotease. Units of activity were those defined by Sigma Chemical Co. for crystalline serine protease, which was used as a reference standard.
Percent sporulation. Samples were heated at 80°C for 10 min, diluted, and plated on nutrient agar. Cells forming colonies after this treatment were assumed to have arisen from heat-resistant spores. These values were expressed as a percentage of the total colony-forming units before treatment.
RESULTS
Antibiotic and protease production during growth on different carbon sources. Exponential growth in the presence of the five carbon sources and the doubling times for each culture are shown in Fig. 1 (Fig. 2 and 3 ).
Antibiotic and protease were not detectable in the two fastest-growing cultures containing glucose and glycerol. In the three slowest-growing cultures, bacitracin and protease appeared even at very low cell densities during exponential growth.
Antibiotic and protease production during growth on different nitrogen sources. Growth of these cultures and their doubling times are shown in Fig. 1 and Table 1 , respectively. In each case, glucose was present in excess so that the observed growth rates were those due to the ease of utilization of the nitrogen sources. The presence of glucose ensured that alanine and glutamic acid did not serve as the sole sources of both nitrogen and carbon. The production of bacitracin and protease under these conditions is shown in Fig. 2 and 3 .
The relationship between growth rate and extracellular product formation was qualitatively similar to that observed in the cultures with different carbon sources. In the presence of poorly utilized nitrogen sources, the protease concentrations achieved were substantially higher than those observed in the presence of poorly utilized carbon sources. vegetative growth had ceased due to exhaustion of ammonium rather than glucose (data not shown). Bacitracin and protease production in relation to spore formation during growth. Measurements of the percentage of heat-resistant spores arising during exponential growth (Table 1) showed the magnitude of this fraction to be dependent on both growth rate and nutrient composition. The tabulated values are the means of up to four determinations taken throughout the exponential phase.
DISCUSSION
It is apparent from the results that bacitracin and protease may, under certain conditions, arise throughout the phase of growth which is truly exponential rather than the phase of "active" but nonexponential growth (9, 10).
The concentrations of bacitracin and protease appear to be dependent upon the growth rate of the culture. This observation has previously been made with respect to the production of gramicidin S synthetases by Bacillus brevis (18) and the production of a-amylase (19) and protease (30) by B. licheniformis, although the protease in question was not specified and the con-VOL. 147, 1981 on August 14, 2017 by guest http://jb.asm.org/ Downloaded from centration was fotuncd to drop b)elow a peak value when low growth rates were usecd.
It has previously been suggested that the syntheses of both bacitracin antid protease are under the influence of catabolite repression by glucose or the organic acids resulting from its metabolism (9, 10, 16, 1 ) . The results reported here do not confirm these fiindings. Glucose was present in the slowly growing cultures containing sodium nitrate, alanine, and glutamic acid, and yet high concentrations of both extracellular products were observed. Thus, it appears possibie that the reporte(d glucose catabolite repression is an effect of increased growth rate resulting from the adrlition of glucose, not simply an effect due to the presence of glucose itself. A similar observation on growth rate control of antibiotic synthesis has recentlyr been made by Martin and Demain (17) .
The percentages of heat-resistant spores occurring (luring exponential growth in the two series of cultures were quantitatively similar to those previously reported (7, 29) . A similarity also exists in the observed growth rates reported here for cultures growing oII different nitrogen sources andI those described by Donohue and( Bernlohr (7), who also used a diefined glucosesalts medium. Dawes 
